Human serum albumin (HSA) is the most abundant protein found in human blood and is extensively employed in clinical applications such as hypovolemic shock treatment. Also, there has been a lot of attempt to use HSA as a carrier to deliver various drugs to their specific targets. Thus, clarify of structure, dynamics, functions, and features of HSA-drug complexes play an important role from the viewpoint of pharmaceutical and/or biochemical sciences. In this study, the interaction of letrozole, as a non-steroidal aromatase inhibitor, with HSA has been studied by combining different techniques such as UV-Vis, fluorescence spectroscopy, and computational methods. The binding of letrozole quenches the serum albumin fluorescence intensities. A clear decrease in fluorescence intensities of letrozole-HSA complex with the increase in temperature showed the static mode of fluorescence quenching. The results of Stern-Volmer procedure analysis showed that letrozole is bound only to a site from the HSA. The results of thermodynamic analysis showed that reaction between HSA and letrozole is spontaneous and exothermic. Furthermore, by monitoring the intrinsic fluorescence and using site markers competitive measurement, the binding of letrozole in the neighborhood of Sudlow's site I of HSA has been proved. Finally, computational methods substantiated the experimental findings and it was revealed that letrozole was bound to Arg-209, Trp-214, Ala-350, and Gly-238 residues of subdomain IIA and IIIA of HSA, respectively.
INTRODUCTION

According
to epidemiological and experimental studies, estrogens are important factors in breast cancer and act through hormone-related pathways. Also, increasing of circulating level may lead to breast cancer in postmenopausal women (1) . Aromatase is the final enzyme in steroid biosynthesis process that converts androgens to estrogens. Therefore, applying a selective inhibitor can block this step leading to inhibition of estrogens production. Modern third generation aromatase inhibitors (AIs) effectively inhibit the synthesis of estrogen via reversible competition mechanism inside aromatase binding site. AIs have been classified as steroidal (type I; for example, exemestane, formestane) or nonsteroidal (type II; for example, letrozole and anastrozole) (2, 3) .
Letrozole (LET) (4,4' -[1H-1 ,2 ,4-triazol-1-ylmethylene]-bis-benzonitrile) is a specific nonsteroidal aromatase inhibitor suppressing estrogen biosynthesis that is administered orally in advanced breast cancer (4) .
One of the most important factors affecting the distribution and concentration of administered drugs is the binding affinity for human serum albumin (HSA) (5) . Human serum albumin transports various exogenous ligands such as drugs through blood circulation to specific target sites (6) . Human serum albumin is a helical protein with a heart shape tertiary structure and approximate dimensions of 8 × 8 × 3 nm. It consists of three domains: domain I (residues , II (residues 196-383), and III (384-585) and in each domain there are two subdomains (A and B), and 17 disulfide bridges stabilizing the whole protein structure (7) (8) (9) (10) (11) .
As a transport protein, HSA possesses several binding sites for structurally different ligands (12) . Multiple binding sites enable HSA to interact with many organic and inorganic molecules. Therefore, HSA is an important regulator of pharmacokinetic behavior of many drugs (13) . Due to the poor solubility of some anticancer drugs in aqueous solution, delivery of these drugs is a major challenge in cancer therapeutics. Therefore, the study of the interaction of drugs, exogenous molecules and biological molecules with albumin is very important and in recent years a large number of these studies have been reported in literature (7, 9, 14, 15) .
On the other hand, the study of the binding energy of medications with HSA, which is the most significant means of drug transplantation in the body, is very important from the pharmacokinetic point of view. The more robust interaction of a drug with a binding site can greatly hinder the interaction and thus the transfer of another drug that is attached to the same site and affects its therapeutic effects (16) . That's why in these studies and as one of the most important results, number of binding sites along with interaction energies of drugprotein is examined (8, (17) (18) (19) (20) . There are a lot of reports about interaction of drugs and HSA. Poureshghi and coworkers reported interaction of lamotrigine (an epileptic drug) with HSA by fluorescence, UV-Vis, Fourier-transform infrared spectroscopy (FTIR), circular dichroism (CD) spectroscopic techniques, and molecular modeling methods (21). Ajmal, et al. investigated the binding interaction between clofarabine, an important anticancer drug, and two important carrier proteins found abundantly in human plasma, HSA and α-1 acid glycoprotein (AAG), by spectroscopic and molecular modeling methods (22) . Maryam, et al. published a study to characterize the mechanism of doripenem binding and to locate its site of binding on HSA by using spectroscopic and docking approaches (23) .
The recent published studies showed that the anticancer drugs, such as doxorubicin, tamoxifen and its metabolites could be transported by human serum proteins. The interaction of tamoxifen and its metabolites with HSA can be used as a model for elucidating the nature of tamoxifen binding with the estrogen receptor, and to gain insight into the mechanism of action of tamoxifen in breast cancer therapy (24) . In this report, interaction of HSA with LET has been discussed by various experimental methods such as UV-Vis, fluorescence spectroscopy, as well as computational modeling analysis. Therefore, the binding characteristics of LET to HSA is studied in terms of the binding affinity, interaction forces, location of the binding site, and structural changes in HSA upon LET binding.
MATERIALS AND METHODS
Materials
Human serum albumin and LET were purchased from Sigma Chemical Company (St. Louis, USA). A stock solution of HSA was prepared as follows: a known amount of HSA was dissolved in a fixed volume of 0.1 M phosphate buffer, pH 7.5. It must be noted that the HSA final concentration was determined spectrophotometrically using a molar extinction coefficient of 35,700 M -1 cm -1 at 280 nm (25) and molecular weights of 66,000 Da (26) . The stock solution (1.0 mg mL -1 ) of drug was prepared in dimethyl sulphoxide (DMSO). In all measurements, the final concentration of DMSO remained less than 1% (v/v). All other chemicals were of analytical reagent grade. Double distilled and deionized water was used in all experiments.
Spectral measurements
Fluorescence quenching
Fluorescence spectra were recorded using a spectrofluorimeter Model Cary Eclipse (Varian, Australia) equipped with a 150 W xenon lamp. Fluorescence quenching has also been used for studying the interaction of LET with HSA. In each spectrum recording, different concentrations of LET were mixed with 3 µM HSA in a 1-cm path length quartz cuvette (3.0 mL). The fluorescence experiments were carried out in the wavelength range of 305-450 nm. The excitation wavelength used for all experiments was 295 nm after 1 min incubation at room temperature.
Correction of the inner filter effect
Following equation was used for correcting inner filter effect in the fluorescence data:
where, F corr and F obs are the corrected and observed fluorescence intensity, respectively. A ex and A em are the absorbances of the sample at the excitation (295) and emission (305-450) wavelengths, respectively (27) .
Quenching mechanism
Fluorescence spectroscopy also was used for determining the quenching mechanism as well as major binding forces at the different temperatures (i.e. 298, 303, 308, and 313 K) (28) . The well-known Stern-Volmer equation (following equation) was employed to study the quenching mechanism (the decrease in fluorescence intensities at λ max ) involved in the interaction of LET with HSA.
where, F 0 and F are the fluorescence intensities of the protein in the absence and the presence of the ligand (drug), respectively; [Q] is the concentration of the ligand and K SV is the Stern-Volmer quenching constant (29) . Following equation was used for determining the values of the bimolecular quenching rate constant (kq) for LET-HSA system:
where, τ 0 is the average life time of the fluorophore in the absence of the drug (30) . Following double logarithmic equation also was used for determining the values of the binding constant (K b ) for the LET-HSA system:
where, K b and n are the binding constant and the average number of binding sites per HSA, respectively. Thus, a plot of log (F 0 − F)/F versus log [Q] can be used to determine K b as well as the n (31).
Thermodynamic analysis of the binding process
Thermodynamic analysis was investigated for determining parameters like enthalpy change (ΔH°), entropy change (ΔS°) and the Gibbs free energy change (ΔG°). These parameters were used for characterizing the acting forces involved in the binding phenomenon. The well-known van't Hoff equation was used for determining the values of ΔH° and ΔS°:
where, R is the gas constant (8.314 J mol
and T is the temperature (32) . The values of ΔS° and ΔH° can be calculated from the y-intercept and slope of the van't Hoff plot, respectively. In addition, the following equation (Gibbs equation) was used for the free energy change (ΔG°) (33) :
Competitive site marker displacement experiments
Competitive experiments for site marker displacement were used to locate binding site of LET on HSA. Two site markers, used in these experiments were warfarin and ibuprofen for sites I and II, respectively (34) . Competitive site marker displacement experiments were carried out by titrating 3 µM HSA and its equimolar complexes with site markers while LET concentration was increased continuously. The mixture of site marker and HSA was allowed to equilibrate for 1 h at room temperature before titration. All experiments and recordings were carried out at room temperature. Also, for exciting of HSA and recording emission spectra, the instrument was set at295 nm.
Docking studies and molecular dynamics simulation
To clarify the atomistic details of binding mechanism of LET to the HSA and provide computational evidence to experimental results, molecular docking and molecular dynamics simulation were applied. The AutoDock 4.2 software was used to perform molecular docking of LET and HSA (35) . Human serum albumin structure was obtained from the RCSB protein data bank (1AO6) (http:// www.rcsb.org) (36) . The LET two dimensional structure was sketched by ACD/LAB (http://www.acdlabs.com) followed by preparing and optimizing of three dimensional structure using the HyperChem 8.0.6 program (37) (Fig. 1) . The optimized structure of LET, provided by a semiempirical method of Austin model 1 (AM1) was used as input for AutoDockTools (38) . All rotatable bonds for ligand were set up as active and gasteiger charges were assigned to the protein.
A box of 126, 126, 126, points with grid spacing of 0.7 Å was accessible to AutoGrid to search and create the atomic energy maps of all atom types (39) . The most suitable conformations of LET-HSA, in terms of cluster population with the acceptable bonding energy, were selected for molecular dynamics studying. The LigPlot program (http://www.ebi.ac.uk) and AutoDockTools 1.5.4 (35) were applied to show the residues around ligand and analyze the interaction mode such as binding sites between LET and HSA. Molecular graphics were prepared by VMD version 1.8.9 (40) . All molecular dynamics (MD) simulations were carried out using the GROMACS simulation package version 5.0.1 with GROMACS 53a6 force field, on an Intel Core i7 extreme edition under Ubuntu Linux (41) . The structure of complex of LET and HSA obtained from the docking procedure was used as starting point for the MD simulation. Topology parameter for LET was obtained from Automated Topology Builder (ATB) server (https://atb.uq.edu.au/). Human serum albumin and HSA-LET complex were centered in an 11.11.11 nm 3 cubic box and then solvated with 44470 of SPCE water molecules and simulated using periodic boundary conditions. The system then neutralized by using 15 atom of NA and was subjected to energy minimization until the maximum forces were reached below 500kJ/mol 1 . Using Berendsen thermostat, the temperature was kept constant at 300 K in all simulations (42) and pressure was set close to 1 bar by the ParrinelloRahman barostat respectively in NVT and NPT ensembles (43) . All bonds were constrained in normal lengths under the linear constraint solver (LINCS) method. Electrostatic non-bonded interactions using the particle mesh Ewald (PME) method, van der Waals forces using lennard-jones function were calculated within cut off of 10Å (7) . Finally a production molecular dynamics of 50 ns was performed on LET-HSA complex using leap-frog algorithm (44) . 
RESULTS
Fluorescence analysis Fluorescence quenching of HSA by letrozole
As shown in Fig. 2 , the protein has an emission maximum at about 343 nm, which is attributed to the presence of lone tryptophan (Trp-214) residue at subdomain IIA. As can be seen, the fluorescence emission spectra of serum albumin in the presence of different amounts of LET were recorded in the range of 305 -450 nm upon excitation at 295 nm.
Fluorescence quenching mechanism
Based on equation 2, we can analyze the fluorescence quenching obtained at four temperatures of 298, 303, 308, and 313 K (2). Using these data, useful plots can be generated called "Stern-Volmer plots" as shown in Fig. 3 . The linearity of the F 0 / F versus [Q] plots for HSA revealed the quenching type, the static or dynamic, since the characteristic SternVolmer plot of combined quenching (simultaneously static and dynamic) is an upward curvature (45) . Values of K SV and kq at various temperatures were obtained from Fig. 3 and are listed in Table 1 (17) . Figure 4 shows double logarithmic plots for the binding of LET to HSA at different temperatures, as obtained after treatment of the fluorescence quenching data according to equation 4. The K b measured at different temperatures is summarized in Table 1 . The value of n is close to 1 and the binding constant decrease with increasing temperature. Since the K b value for the LET-HSA system was found to remain in the range of 1.70-1.25 × 10 4 M -1 , it indicated a moderate binding affinity between LET and HSA. Such moderate binding affinity is beneficial for the efficient transport of the drug and its subsequent release at its target site (46) . Data are expressed as mean ± SD of three measurements.
Binding modes and number of binding sites
Determination of thermodynamic parameters
Values of ΔH° and ΔS°, as obtained from the slope and the intercept, respectively, of the Van't Hoff plot along with the ΔG° values at four different temperatures are listed in Table 1 . When we applied this analysis to the binding system of drug and HSA, we found that ΔH °< 0 and ΔS° < 0.
Site marker competitive experiments
Binding location studies between HSA and LET in the presence of two site markers 
Molecular docking
In order to get more information about binding sites of LET on HSA, molecular docking was employed to simulate LET and HSA interaction. The best energy ranked results are shown in Fig. 6 . The docking results implied that LET binds within the binding pocket of subdomain IIA. As illustrated in Fig. 6 , Trp-214 residues were close to LET. This finding gives a reliable proof to clarify the efficient fluorescence quenching of HSA emission in the presence of LET.
The main residues involved in the interaction were generated using LigPlot v.1.4 and depicted in Fig. 7 . The LET molecule is located within the subdomain II adjacent to Leu-331, Arg-209, Val-216, Ala-350, Ala-231, Glu-354, Asp-324, Gly-328, and Lys-351 residues. Schematic representation of LET in Sudlow's site I is shown in Fig. 8 . In the other hand, docking results indicate that H-bonding and van der Waals forces are dominant forces involved in the interaction that is in full agreement with experimental ones. Other important result from docking analysis is a bout preference of LET to different binding sites of ibuprofen and warfarin (Table 2) . Obtained data indicate perfect tendency of LET to warfarin site than ibuprofen site either in number in cluster and binding energy. These results are in good agreement with laboratory experiments. The calculation of the nature of the forces involved in the interaction is also done using the Discovery Studio (version 2.5) and the results indicate that they are in line with other data obtained at docking. The energy of the interaction calculated here was -11 kcal/mol, which were -9.8 for the van der Waals forces.
Molecular dynamics simulation
One of the most important measure of the stability and conformational drift of a typical protein in a molecular simulation is provided by the root mean square deviation (RMSD) of the protein coordinates from the initial values as a function of time of simulation (Fig. 9) . In the last 10 ns simulation, the whole C α of HSA is fairly stable as indicated by the small magnitude of RMSD fluctuation of the system. Also the RMSD value for complex system is a bit more than those of free HSA that may be due to the more interaction of HSA atoms in the presence of LET that results some conformational and structural changes. To provide a more detailed description of the flexibility of the protein residues, the root mean square fluctuations (RMSF) of all residues of HSA, in the absence and presence of the drug, were then calculated (Fig. 10 ). This figure clearly depicts different flexibilities in the binding pocket of HSA in the presence and absence of LET. The LET binding site (Glu-208-Arg-222, Asp-324-Arg-337, and Val-343-leu-357, the regions are specified with three bars) show relative small degree of flexibility upon LET-HSA interaction, indicating that residues locating in the drug binding site seem to be more rigid as a result of binding to LET, which is in perfect agreement with the RMSD results. The results of the H-bond analysis showed that the number of hydrogen bonds reach to a maximum of 5 and have an average of 3 during simulation time (Fig 11) . The changes in center of mass of the LET with the HSA are calculated over time, and the results are shown in (Fig 12) . As can be seen, after a 1 Å decrease in the first picoseconds of simulation it is fixed in about 1.6 Å. The effects of LET binding on changes in the number of amino acids present in the protein secondary structures were investigated by DSSP analysis. The results showed that the average of this number in free protein during the simulation was 430. This value was reduced by the binding of the LET to 425, which indicates very low levels of structural changes in the protein occured due to drug interactions that is in agreement with other results.
A comparison study between the different constants of this study with a few published interactions of drugs with HSA is reported in Table 3 . As it can be seen, the different constants of LET calculated in this study are comparable to some of the previous reports (Table 3) . 
DISCUSSION
Interaction of protein with a drug could affect its molecular, biological activity, and functioning.
Therefore, studying the interaction has great importance. Most drugs administered to the body could bind to serum albumin and the binding information plays an important role in medicine (47) . Letrozole causes a concentration dependent quenching of the intrinsic fluorescence with HSA. These results indicated that there were interactions between LET and HSA and the binding reactions resulted in non-fluorescent complex (26) . The regular decrease of emission signal of the protein without changing the shape of the peaks may imply that the tryptophan residue should be located at or near the drugbinding site (7) (8) (9) (10) 30, 34) . The results of SternVolmer plot indicated that the value of K sv decreased with increasing temperature in the presence of LET demonstrating that the quenching mechanism is static. On the other hand, the maximum scatter collision quenching constant reported for various kinds of quencher to a biopolymer (kq) is 2.0 × 10 10 M -1 s -1 . The kq values are greater than the maximum scatter collision quenching indicating that the quenching mechanism involved in the LET-HSA system was initiated by static rather than dynamic quenching process (48) . The value of K b is significant to understand the distribution of the drug in plasma since the weak binding can lead to a short lifetime or poor distribution, while strong binding can decrease the concentration of free drug in plasma (7) (8) (9) (10) . Since the K b value for the LET-HSA system was found to be in the range of 1.70-1.25 × 10 4 M -1 , a moderate binding affinity between LET and has could be assumed. Such moderate binding affinity is beneficial for the efficient transport of the drug and its subsequent release at its target site (46) . The dependence of binding constant on temperature indicates that a thermodynamic process is responsible for the formation of the complex. This dependence was therefore, analyzed in order to better characterization of HSA at the interface between subdomains IIA and IIB (in close proximity to the site I) through hydrophobic interactions as well as hydrogen bonding, which is consistent with the thermodynamic parameters obtained from fluorescence quenching experiments. The aim of the MD simulation study was to get more precise drug-HSA models in a state close to the natural / real conditions and to explore the binding modes of the drug further. Although molecular docking offers reasonable binding structures for LET, the MD simulation can account for even the smallest variances (7, 9) . Average RMSD of the HSA-LET complex is higher than that of the HSA and indicates an increased flexibility of the protein backbone because of protein complexation which was in good agreement with RMSF.
CONCLUSION
This paper provided an approach for studying the interactions of fluorescent protein with LET using different spectroscopic methods and molecular modeling techniques. Protein binding, especially binding to HSA, is one of the most important issues to be considered for each drug because it determines the pharmacokinetics, elimination half-time, and availability of the drug in various tissues. The main objective of this study was characterizing the main nature of the binding in vitro under a simulated physiological condition and understanding the effect of the binding of LET on conformational changes of HSA. This report could be valuable due to the importance of LET in the treatment of advanced breast cancer and significance in pharmacology and clinical outcome of the drug.
